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Introduction
Natural Killer (NK) cells play an important role in immunity to pathogens and tumors 1 . NK cell recognition of infected or transformed cells depends on expression of stress-induced self-ligands or pathogen-encoded ligands that are detected by activating receptors 2 . Similarly, cells that are rapidly proliferating or have experienced DNA damage often express stress-induced ligands that trigger activating receptors on NK cells 3 .
One shared trait of viruses and tumors is to avoid detection by Many of the same activating receptors that NK cell use to police for pathogens and tumors are involved in the rejection of bone marrow (BM) transplants [7] [8] [9] [10] . The rejection of BM is also influenced by inhibitory signals received by interactions with donor MHC class I 11, 12 . In fully allogeneic transplants, the donor BM is not matched with the recipient's MHC; therefore, some NK cells in the recipient will not be inhibited by the allogeneic MHC class I on the donor BM cells and will reject the graft. In the situation in which semi-allogeneic parental BM is transplanted into a F1 offspring, the T cells remain tolerance 13 ; yet, NK cells in the F1 recipient reject the parental BM graft, a phenomenon known as "hybrid resistance" 14 .
For personal use only. on October 15, 2017 . by guest www.bloodjournal.org From Hybrid resistance can be partially explained by the expression patterns of inhibitory receptors for MHC class I on NK cells. KIR and Ly49 are expressed stochastically, resulting in subsets of NK cells defined by their pattern of KIR or Ly49 expression 1 . Curiously, a subset of NK cells fails to express inhibitory receptors for self-MHC class I, yet these NK cells are tolerant and do not cause autoimmunity 15, 16 . Although the activating pathway(s) required for the killing of BM cells by "missing-self" recognition are currently unknown, the concept of "missing-self"
provides an explanation for hybrid resistance. In the F1 recipient a subset of NK cells that expresses an inhibitory receptor for maternal MHC class I, yet does not express an inhibitory receptor for paternal MHC class I haplotype ("missing-self"), is able to reject paternal BM cells and vice versa for maternal BM.
The best-characterized activating receptor important to BM rejection in mice is Ly49D 19, 20 . In this study, we addressed how NKG2D and its ligands influence hybrid resistance.
METHODS

Mice and antibodies
BALB/cAnNCr, C57BL/6NCr (B6), and CB6F1/Cr (BALB/cAnNCR x C57BL/6NCr) were purchased from the National Cancer Institute (Frederick, MD). C.B10 (BALB/c mice congenic at H2 b from C57BL/10) and B10.D2 (C57BL/10 mice congenic at H2 d from DBA/2) were purchased from Jackson Laboratory (Bar Harbor, ME). C57BL/6 and C57BL/10 express the same Raet1 loci 21 . C.B10 mice were bred with BALB/c mice to obtain (BALB/c x C.B10) F1
mice. Animal care and procedures were done in accordance with UCSF IACUC guidelines.
YE1/48 mAb reacts with Ly49A in BALB/c and B6; 5E6 mAb reacts with Ly49C and Ly49I in B6 and with Ly49C in BALB/c; 4E5 mAb binds to Ly49D in B6; 3D10 mAb reacts with Ly49H in B6; 4D11 mAb binds to Ly49G2 in B6 and BALB/c; 12A8mAb binds to Ly49D and Ly49A in B6 and Ly49A in BALB/c. All experiments with mice were approved by the UCSF IACUC.
Transplantation
Recipient F1 mice received two doses at 550 rads of 137 Cs-irradiation three hours apart, and then received 4 x 10 6 BM cells intravenously 10 . Recipient mice were given 200 μg polyinosinicpolycytidylic acid sodium salt (poly I:C) (Sigma) in PBS on day -1 to boost NK cell function.
Five days later mice were treated with 65 μg 5-fluoro-2′-deoxyuridine (Sigma) in PBS intravenously to suppress endogenous thymidine synthesis one hour prior to injection of 3 μCi 
NK cells
Splenocytes were incubated at 4̊ C for 15 minutes with anti-glycophorin A (Ter119), anti-CD4 (GK1.5), anti-CD5 (53-7.3), anti-CD8 (YTS 169.4), and anti-CD19 (1D3), washed, and then resuspended with metallic beads coated with goat anti-rat IgG (Qiagen) for 30 minutes at 4̊ C.
Antibody-labeled cells were removed by magnetic separation.
NK cell stimulation with mAbs
96-well flat-bottom plates were coated with anti-Ly49D (4E5), anti-Ly49H (3D10), anti-NKG2D (CX5) (eBioscience), polyclonal goat anti-NKp46 (R&D Systems), anti-DNAM-1 (TX.42-1, gift from Dr. A. Shibuya), or control IgG (eBioscience) at 10 μg/ml overnight at 4̊ C. Enriched NK cells were plated at 5 x 10 5 per well for 4 hours at 37̊ C in the presence of PE-conjugated antiCD107a (BD).
NK cell stimulation with lymphoblasts
This assay was performed as described 12 . Splenocytes (1 x 10 7 /ml) were incubated in 5 μg/ml 
RESULTS
NK cells in CB6F1 mice
NKG2D is required for the rejection of BALB/c BM, but not C57BL/6 BM, by F1 recipients 10 .
Here, we addressed whether this differential response was due to the presence of different .
To evaluate the role of these receptors in hybrid resistance, we characterized the NK cells in CB6F1 mice for expression of the Ly49 receptors from both parental strains ( Figure 1a ). The percentage of NK cells in CB6F1 mice that express the inhibitory receptors Ly49G2 and Ly49C/I (the mAb used cross-reacts with Ly49C and I) was similar to the percentages of NK cells expressing these receptors in BALB/c mice, but lower than in B6 mice ( The activating NK receptors required to initiate the attack against healthy MHC class Ideficient hematopoietic cells are still unknown. We tested the reactivity of NK cell subsets in CB6F1 mice against lymphoblasts prepared from Β2m
-/-mice. The Ly49C/I + subset had lower activity compared to either the Ly49G2 + or the Ly49A + subsets (Figure 1d ). Together, these results suggest that unlike NK cells in B6 mice 15 , the Ly49C/I + NK cell subset in F1 mice has lower activity in response to MHC class I-deficient lymphoblasts.
MHC class I-mediated inhibition overcomes NKG2D-dependent BM rejection
We tested the individual and combined contributions of NKG2D and Ly49D to F1 hybrid resistance. NK cells expressing the virus-specific Ly49H receptor become hyporesponsive when chronically exposed to its cognate ligand, the MCMV-encoded m157 glycoprotein 28,29 .
However, the Ly49D-negative and Ly49D-postive NK cells subsets in the F1 mice degranulated equivalently ( Figure 1c ), despite that Ly49D is putatively being continuously engaged by H-2
To address the role of Ly49D + NK cells in vivo, CB6F1 mice were treated with mAb 12A8, which depletes Ly49D + and Ly49A + NK cells, thereby eliminating about 35% of NK cells in the F1 host (Table 1) . Depletion of this subset had no significant impact on rejection of parental B6
BM, which does not express a MHC class I ligand recognized by Ly49A or Ly49D (Figure 2a ).
These results indicate that after depletion of the Ly49A-and Ly49D-bearing NK cells, the In conclusion, our study explains why hybrid resistance only occurs in some specific instances 14 
